We experimentally present a high-efficiency generation of low-noise 447 nm laser by frequency doubling of a Ti:sapphire laser in an external ring cavity with a PPKTP crystal. The maximum blue laser power of 308 mW has been obtained and the corresponding conversion efficiency can reach 70%, when 440 mW infrared laser is injected. Moreover, the noise of the resulting blue laser can reach the quantum noise limit when the analyzing frequency is above 1.5 MHz. Our system provides an ideal pump field for an optical parametric amplifier for the generation of non-classical states of light matching matter absorption line.
T he non-classical state of light is the building block of quantum metrology and quantum information science. [1] [2] [3] In quantum metrology, the squeezed state of light can improve the sensitivity of magnetic field measurements in atom systems. 4) In the quantum internet, consisting of quantum nodes and quantum channels, quantum nodes can process and store quantum information; 5) meanwhile, quantum channels enable the transfer of quantum information and connect quantum nodes. [6] [7] [8] In particular, multipartite entangled optical modes enable to entangle multiple distant quantum nodes for the application of quantum network protocols, 9, 10) and can be prepared by means of coupling multiple squeezed optical beams on a beam splitter network. 11) Thus, research regarding the generation of squeezed states of light resonant with atomic absorption lines are widely carried out for quantum metrology and quantum interface between quantum nodes and quantum channels. An optical parametric amplifier (OPA) is an effective device to produce a squeezed state of light, 12, 13) while the laser with the shorter visible wavelength is required to pump the OPA. Therefore, the high-efficiency generation of a continuous-wave single-frequency blue laser with low noise is essential for preparing squeezed light resonant with an atomic absorption line; in addition to its industrial applications of laser printing and lithography, this can be applied in scientific research, such as quantum metrology 14, 15) and quantum information. 16, 17) A laser with a shorter visible wavelength can be produced by frequency doubling of an infrared laser based on the second harmonic generation (SHG) process. 18, 19) A periodically poled potassium titanyle phosphate (PPKTP) crystal with its advantages of the high effective nonlinearity and no walk-off is one of the well-established nonlinear crystals. 20) The external cavity frequency doubling can enhance the nonlinear interaction for producing blue laser. 21, 22) At present, rubidium (Rb) and cesium (Cs) atoms are well understood atomic media for quantum metrology and quantum information. [23] [24] [25] [26] [27] Thus, the production of 398 nm laser has been experimentally realized, 28) which is used as the pump field of OPA for the generation of non-classical state of light resonant with Rb atoms. The thermal effects, including the thermal lensing effect and thermal induced bistability, occur in the SHG progress. The thermal lensing effect associated with the SHG process limits the conversion efficiency. The SHG laser propagates in the crystal over and over, and leads a severe thermal loading. Both the volumetric heating and surface temperature controlling lead to a temperature gradient, and form a thermal lens in the nonlinear crystal. The thermal lensing effect will deform the spatial mode of the SHG cavity and influence the mode matching of the fundamental wave to the SHG cavity. Therefore, the overall SHG conversion efficiency will be decreased if the thermal lensing effect deteriorates the mode matching condition. The thermal loading of the crystal also causes optical bistability, which makes the locking of the SHG cavity at the top of the peaks hard. The heating will form a thermal gradient inside the crystal and result in asymmetry of the resonant signal, therefore the deterioration of the error signal will make it challenging for the SHG cavity to be actively locked to its fringe maximum at high powers. The wavelength of 398 nm is at the transmission cut-off wavelength of the PPKTP crystal and the thermal effect is severe. For the generation of the 398 nm laser, the severe thermal and grey tracking effects limit the non-linear conversation efficiency, and shorten the lifetime of the crystal. 29, 30) Alternatively, the laser at 447 nm can pump the OPA for generating 895 nm squeezed state of light, which is resonant with a Cs atom D 1 line for the application in lightatom quantum interfaces. Moreover, the influence of the thermal effect in a PPKTP crystal on a 447 nm laser is less than that on a 398 nm laser. Therefore, 447 nm light has been produced through direct frequency doubling of a laser at 895 nm from Cs vapor using a PPKTP crystal, 31) and then by intracavity frequency doubling of a Cs laser in a PPKTP crystal. 32) In the preparation system of a squeezed state, 50 mW blue laser is employed to pump OPA, and in particular, the generation of tripartite entangled optical fields for quantum internet needs three squeezed optical beams from OPAs, which requires a 150 mW blue laser.
11) Furthermore, the noise characteristic of pump fields of OPA influences the quality of output non-classical state of light, and the entangled degree of Einstein-Podolsky-Rosen (EPR) entangled optical fields can be improved by reducing the noise of both pump fields and signal fields of OPA to the quantum noise limit (QNL) in the squeezing frequency range of 2 MHz. 33) So far, a tunable 178 mW laser at 447 nm has been generated by frequency doubling of a tapered amplifier boosted diode laser system which reaches QNL at frequencies above 18 MHz. 34) However, the generation of higher power blue laser with low noise in MHz frequency range still remains demanding for quantum metrology and quantum network.
In this paper, we have demonstrated that a high-efficiency generation of a 447 nm laser with low noise can be experimentally realized by frequency doubling of a Ti: sapphire laser in an external ring cavity with a PPKTP crystal. Firstly, the thermal effect of a PPKTP crystal at 447 nm is reduced, compared to that at 398 nm. Secondly, the cavity configuration can influence the thermal effect. The standing-wave cavity with two mirrors is a simple configuration and has the advantage of low round trip loss. However, the blue laser in the standing-wave cavity is generated in the forward and backward direction of propagation, and the double pass absorption can result in a serious thermal effect. For a bow-tie-type ring cavity with two spherical mirrors and two flat mirrors, the optical beam travels in one direction, where no standing-wave and doublepass absorption effects happen. Thus, the bow-tie-type ring cavity is employed in our scheme to reduce the thermal effect, and makes it possible to realize a high efficiency conversion and obtain a stable high-power blue laser. The maximum output blue laser power can reach up to 308 mW with a conversion efficiency of 70%, when 440 mW fundamental wave laser is injected. The corresponding power fluctuation is 0.30% for 30 min at an input power of 300 mW. The optical beam quality factors (M 2 ) of output blue laser are M 1.21
, which is suitable for the mode matching of the input pump field to OPA. Besides, the squeezed state generated from OPA enables the reduction of noise of optical fields, and the noises of pump and signal fields are sensitive to the quality of the squeezed state. The narrow linewidth Ti:sapphire laser, which can reach QNL above the analyzing frequency of 1.5 MHz, and the frequency doubler with ring cavity configuration with 11.5 MHz linewidth, are employed together. With the help of the SHG ring cavity pumped by the Ti:sapphire laser, the noise performance of the output blue laser can be optimized, and reach QNL when the analyzing frequency is above 1.5 MHz. We, therefore, provide an ideal pump field of OPA for generating non-classical states of light resonant with a Cs atom D 1 absorption line.
The SHG of the infrared laser is one of widely used approaches to obtain the blue laser. A schematic of the experimental setup is demonstrated in Fig. 1 . A continuouswave low-noise Ti:sapphire laser (Coherent MBR110) at 895 nm pumped by Nd:YVO 4 green laser (Yuguang DPSS FG-VIIIB) is used as the injected fundamental wave laser of the SHG process. A Faraday isolator (ISO) is utilized between the Ti:sapphire laser and frequency doubling cavity to prevent the optical feedback into the Ti:sapphire laser. A half wave plate (HWP1) and the polarizing beam splitters (PBS1) are used to adjust the power of infrared laser which is incident into the SHG cavity. The bow-tie-type ring cavity configuration with the folding angle of 17 degrees, which enables the enhancement of the interaction between light and nonlinear crystal and reduces the influence of the thermal effect as a result of a single pass in the crystal, is employed in our system. The two flat mirrors and two plano-concave mirrors with a radius of curvature of 50 mm are employed to form the ring cavity. The flat mirror M1 with the transmissivity of 10% at 895 nm on one side and the antireflection at 895 nm on the other side is used as the input coupler. The flat mirror M2 has a high reflection coating at 895 nm, and the plano-concave mirrors M3 and M4 are coated with the high reflection at 895 nm and anti-reflection at 447 nm. The mirror M3 is mounted on a piezo-electric transducer (PZT) to lock the SHG cavity length resonant with the fundamental-wave laser based on the Pound-Drever-Hall (PDH) locking technique. 35, 36) The infrared laser is phase modulated by an electro-optical modulator (EOM) for the locking of SHG cavity resonance. When the infrared laser is resonant in SHG cavity, a very weak infrared laser is leaked from the mirror M2, and the transmitted weak infrared laser can be detected by a 50 MHz high gain detector with a S5971 diode (PD) to generate an error signal of SHG cavity resonance locking. The mirror M4 is used as the output coupler of the blue laser. In the PDH locking technique, a high radio frequency (5.75 MHz) signal is divided into two parts, one is used to drive the EOM and the other is multiplied by the detected transmission signal of the cavity using a mixer, the output of which passes through a low pass filter and a proportionalintegral-derivative (PID) controller. The generated error signal with a high signal-to-noise ratio and a large acquisition range is then used to actively lock the cavity to resonate with the pump laser. The high effective nonlinearity and walk-off free PPKTP crystal is placed in the ring cavity to realize the nonlinear interaction. The KTP crystal is periodically poled by the electric field with a poling period of 4.975 μm, so that it enables the quasi-phase-matching at an arbitrary chosen wavelength and access to the largest non-linear tensor element, which enables to make use of the maximum nonlinear coefficient. It also does not suffer from the walkoff effect. A 1 × 2 × 10 mm 3 PPKTP crystal, where both sides are coated with anti-reflection at 895 nm and 447 nm, is placed in the center between two concurved mirrors. According to the theory by Ref. 37 , the optical beam waist is adjusted to 23 μm, which can be calculated according to ABCD Matrix formalism when the total cavity length is 443 mm. The polarization of the incident pump laser is aligned by a half wave plate (HWP2) placed before frequency doubling cavity and the beam waist of the injected infrared laser is adjusted by means of lens system to realize the mode matching for nonlinear conversion. The fundamental wave is made matched to the enhancement cavity with the efficiency of 96.3%, which is evaluated from the contrast of the transmission fringes under cavity length scanning using PZT on M3. The crystal is wrapped by an indium foil and fixed in a copper oven, whose temperature is precisely controlled for the phase matching condition of the PPKTP crystal to realize the maximum nonlinear conversion. The SHG cavity is enclosed in a box in order to reduce the air flow and vibrations, which is necessary for a stable power output.
Two dichroic beam splitters (DBS1, DBS2) are placed after the output coupler of frequency doubling cavity and used to separate the SHG laser and a small part of the transmitted fundamental-wave laser from the output coupler. Two half wave plates HWP3, HWP4 and two polarizing beam splitters PBS2, PBS3 are used to adjust the output blue laser power for different measurements. When the output laser is reflected by PBS2, a power meter is utilized for the power measurement. While it goes through the PBS2 and reflected by PBS3, it can be measured by a beam profiler. The beam transmitted from PBS2, and PBS3 is injected into the self homodyne detection system, which consists of half wave plate HWP5, polarization beam splitter PBS4, and two 5 MHz balanced homodyne detectors (BHD1, BHD2) with Hamamatsu Photonics S5971 diodes, and the subtraction and sum of photon currents from these two detectors are amplified to give the quantum noise limit (QNL) and the intensity noise of blue laser, respectively.
We start by investigating the dependence of the output power P 2ω of the SHG laser on the input power P in of incident fundamental-wave laser, which is given by 20) 
where Γ is the nonlinear loss of the external cavity, as Γ = Γ eff + Γ abs , Γ eff is the nonlinear conversion coefficient of the PPKTP crystal, and abs G is the efficiency of the second harmonic absorption process. T is the input mirror transmissivity, and L is the intracavity loss. P cir is the circulating power of the fundamental-wave laser, as P
. Therefore, the conversion efficiency η can be obtained as
The dependencies of output SHG power and its corresponding conversion efficiency on the input power of fundamental wave laser are plotted in Figs. 2 (a) and 2 (b), respectively. When the system parameters are taken into account-the input mirror transmissivity (0.1 (T = 0.1)), the intracavity loss (0.01 (L = 0.01)), the nonlinear conversion coefficient of the PPKTP crystal (0.013/W (Γ eff = 0.013/W)), and the efficiency of the second harmonic absorption process (0.002 /W (Γ abs = 0.002/W))-the solid lines from Eqs. (1) and (2) are the theoretical curves and the dots represent the experimental results. From Fig. 2 we can see that a maximum blue laser power of 308 mW with 440 mW incident fundamental wave power is obtained, and the corresponding conversion efficiency is 70%. If the input fundamental wave power is increased, the locking will be worse. The experimental results are lower than the theoretical curves, which is caused by the unavoidable thermal effect in the PPKTP crystal in the frequency doubling for blue laser. The heating, which induces the non-optimal phase-matching, nonoptimal mode-matching, non-optimal resonant locking and bistability-like phenomenon, will decrease the maximum output power of the blue laser and cause the conversion efficiency to get worse. Due to a single pass in the PPKTP in the ring cavity, the influence of thermal effect in the ring cavity is smaller than that in the standing-wave cavity. Thus the better output power and conversion efficiency can be obtained, compared to the case in the standing-wave cavity. 34) The inserts are the cavity resonant signal of infrared and blue lasers with the optimal phase-matching temperature at the input power of 440 mW. It can be seen that for the 447 nm laser, the thermal effect of PPKTP crystal in ring cavity and its induced bi-stability-like phenomenon are not very severe.
The output power stabilities of the Ti:sapphire laser and blue laser over 30 min are measured by a power meter (Thorlabs S305C), as shown in Fig. 3 . The blue laser power stability is limited by the power stability of incident fundamental wave laser, the thermal effect and locking system. In our system, the root mean square (RMS) of the Ti:sapphire laser is 0.06% at the injection fundamental wave power of 300 mW and the RMS of blue laser is 0.07% at the injection fundamental wave power of 200 mW. The RMS of blue laser can be kept to 0.30% when the input infrared laser is increased to 300 mW. In our system, the M 2 values for x and y axes are M 1.21
, respectively, when the injection fundamental wave power is 300 mW, and is beneficial for good model matching. The frequency of the SHG cavity can be tuned as a result of good frequency tunability of the Ti:sapphire laser. Together with the Ti: sapphire laser, the tunable blue laser enables the preparation of the non-classical light matching of the Cs atom D1 absorption line.
The normalized intensity noise spectra for the fundamental wave laser and second harmonic laser with different input power for P in = 100 mW, 200 mW, 300 mW are demonstrated in Figs. 4(a)-4(d) , respectively. The characteristics of the intensity noise of the blue laser is measured by the selfhomodyne detection system. The trace i is the QNL, which is obtained from the subtraction of amplified photon currents, and trace ii is the intensity noise from the sum of amplified photon currents. The noise spectrum is recorded and analyzed by a spectrum analyzer with the resolution bandwidth of 30 KHz and the video bandwidth of 100 Hz. From Fig. 4 , we can see that the noise of the narrow linewidth Ti:sapphire laser can reach QNL with the input power of 300 mW when the analyzing frequency above 1.5 MHz. By employing the bow-tie ring frequency doubling, the intensity noises reach the QNL for different incident fundamental wave laser power of 100 mW, 200 mW, 300 mW, respectively, when the analyzing frequency is above 1.5 MHz. Usually, the quantum noise of the squeezed state is analyzed at 2 ∼ 3 MHz, and thus we provide suitable high-power laser with low noise for the pump field of OPA.
9,11) Therefore, our system can provide blue laser with high conversation efficiency, stable high power and low noise. Which meet the requirement of the pump field of OPA for generating squeezed light or In summary, we demonstrate a high-efficiency generation of the low-noise 447 nm laser by frequency doubling of the Ti:sapphire laser in an external ring cavity with PPKTP crystal. Compared to previous work, 34) the thermal effect can be reduced by employing a bow-tie-type ring cavity instead of a standing-wave cavity, and the high-efficiency conversion with stable out power can be obtained. We obtain the maximum SHG power of 308 mW and the corresponding conversion efficiency of 70%, when the power of incident fundamental wave is 440 mW. At the input infrared laser power of 300 mW, the power stability is less than 0. , respectively. Furthermore, the noises of pump and signal fields of OPA are very important for the OPA based generation system of squeezed state. By employing low noise Ti:sapphire laser and bow-tie-type ring configuration, the noise of blue laser can reach the QNL when the frequency is above 1.5 MHz. The resulting high-power, lownoise blue laser is suitable for generating non-classical state of light, such as multipartite entangled optical fields resonant with Cs atom D 1 line, and can be applied in quantum information science.
